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Edited by Peter BrzezinskiAbstract The blue-light sensitive protein YtvA from Bacillus
subtilis is built of a photoactive, ﬂavin-binding LOV (Light,
Oxygen and Voltage) domain and a STAS domain with un-
known function. Here we show that YtvA binds a ﬂuorescent
derivative of guanosine triphosphate (GTPTR) that can be dis-
placed by both GTP or ATP. Unspeciﬁc NTP (N = G or A)
binding is supported by the molecular model of YtvA-STAS.
Blue-light activation of YtvA results in small and dark-reversible
spectroscopic changes for GTPTR, suggesting that light-driven
conformational changes are transmitted from the LOV core to
the GTPTR binding site. These results support the idea that
STAS domains may have a general NTP binding role and open
a way to investigate the molecular functionality of YtvA-STAS.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Fluorescence1. Introduction
Blue-light is a ubiquitous stimulus for living organisms and
represents a driving evolutionary force, given its unique capa-
bility to penetrate deeply into sea water [1]. Furthermore blue-
light is potentially dangerous because it is readily absorbed by
endogenous photosensitizers [2]. In this view it is not surprising
that the long sought blue-light plant photosensors have turned
out to bear riboﬂavin derivatives as chromophores, biosynthe-
sized through one of the most ancient enzymatic pathways [3].
Among ﬂavin-photosensors, phototropins (phot) that trigger a
variety of blue-light responses in plants, are those best charac-
terized at the molecular level [4]. Phot proteins possess two N-
terminal photoactive LOV (light, oxygen and voltage) domains
that bind oxidized ﬂavin mono-nucleotide (FMN) as chromo-
phore, absorbing maximally at ca. 450 nm in the dark [5], and
exhibit a typical PAS (PerArntSim) fold [6]. Blue-light illumi-
nation of phot-LOVs triggers a photocycle involving the
reversible formation of a blue-shifted FMN-cysteine C(4a)-
thiol adduct (referred to as light-activated state), ultimately*Corresponding author. Department of Physics, University of Parma,
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doi:10.1016/j.febslet.2006.06.007inducing auto-phosphorylation of phot via activation of the
C-terminal kinase domain [4] (and references therein). Thanks
to ongoing genome projects is has become evident that the
LOV paradigm is widely spread also among prokaryotes,
where LOV proteins are highly modular and include kinases,
phosphodiesterases, transcriptional regulators etc. [7–10].
YtvA from Bacillus subtilis was the ﬁrst bacterial LOV-protein
for which a phot-like photochemistry has been demonstrated
[7]. It is built of an N-terminal LOV and a C-terminal STAS
domain (Sulphate Transporters AntiSigma-factor antagonists)
[11]; this architecture is conserved in LOV proteins form other
Firmicutes, e.g. in Listeria and Oceanobacillus genera [9]. The
physiological role of YtvA as a putative photoreceptor is cur-
rently under investigation and a molecular function for its
STAS domain is still uncharacterized. A prominent feature is
that the sequence of the STAS domain includes two classical
GTP-binding motifs, DxxG and NKxD [12,13]. A general role
of STAS domains as NTP-binding units has been anticipated
[11] and GTP binding was demonstrated for SPOIIAA, a
STAS protein involved in B. subtilis sporulation [14]. We also
previously noted that the ATP-binding signature of Ser/Thr
threonine kinases is partially conserved in YtvA-STAS [7].
We therefore decided to investigate the binding of nucleotides
by using a red-light ﬂuorescent derivative of GTP [15] and ex-
change experiments, demonstrating that both ATP and GTP
can associate to YtvA. Furthermore we modeled the STAS do-
main of YtvA (YtvA-STAS), highlighting similarities with
small GTP-binding proteins.2. Materials and methods
His-tagged YtvA and its isolated LOV core (YtvA-LOV) were ex-
pressed in E. coli (BL21) (Stratagene, Amsterdam, The Netherlands)
using IPTG (BioMol, Hamburg, Germany)-induction and employing
the pET28a plasmid (Novagen-Merck, Darmstadt, Germany), as
described [7,16]. The proteins were puriﬁed by aﬃnity chromatography
on Talon (Qiagen, Hilden, Germany) and ﬁnally concentrated in Na-
phosphate buﬀer 10 mM, NaCl 10 mM, pH 8. Guanosine 5 0-triphos-
phate, BODIPY TR 2 0-(or-3 0)-O-(N-(2-aminoethyl) urethane),
trisodium salt (GTPTR) was purchased fromMolecular Probe (Eugene,
OR, USA). Guanosine-5 0-[c-thio]triphosphate tetrasodium salt (GTP)
and adenosine 5 0-(3-thiotriphosphate) tetralithium salt (ATP) were
from Sigma–Aldrich (Milano, Italy). Absorption spectra were
recorded with a UV-2102PC spectrophotometer (Shimadzu Germany,
Duisburg, Germany). Steady-state ﬂuorescence measurements were
carried out on a Perkin–Elmer LS50 luminescence spectrometer.
GTPTR was excited at 590 nm. The output signal was divided by the
fraction of absorbed energy (1–10A, where A is the absorbance at
the excitation wavelength) in order to obtain a signal that isblished by Elsevier B.V. All rights reserved.
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Fig. 1. (Top) Absorption and (bottom) ﬂuorescence spectra of 1 lM
GTPTR in buﬀer (dashed line) and in the presence of 55 lMYtvA (full
line) in the light-activated state. The ﬂuorescence was recorded upon
590 nm excitation.
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cence). Unless otherwise stated, binding experiments were carried out
with YtvA in its blue-light activated state (i.e. FMN covalently bound
to Cys 62), achieved by illuminating the sample with a blue-light emit-
ting Led-Lenser V8 lamp (470 nm, Zweibru¨der Optoelectronics, Soe-
lingen, Germany) as previously described [16]. The blue-light was
switched-oﬀ just prior recording of the absorption and ﬂuorescence
spectra, ensuring that at least 95% of the sample is present as FMN-
Cys adduct, given the long lifetime for the recovery to the dark state
(denoted as YtvA450 from the absorption maximum of the bound ﬂa-
vin), srec > 3500 s at 20 C [16,17]. At 470 nm the absorption spectrum
of GTPTR has a deep minimum and cannot anyway be excited during
the measurements given that the blue-light was kept oﬀ. The ﬂuores-
cence spectra were always recorded upon excitation at 590 nm (where
solely GTPTR absorbs) and no energy transfer can occur from or to
other ﬂuorophores.
The dissociation constant (KD) between YtvA and GTPTR and the
maximum ﬂuorescence enhancement (DFmax) were evaluated by ﬁtting
the experimental data with the non-linear equation (rearranged from
Eq. 2 in [18])
½P tot ¼
KD þ 1 DFDFmax
DFmax
DF  1
ð1Þ
where [P]tot is the concentration of Ytva and DF is the absolute value
diﬀerence in the normalized ﬂuorescence between GTPTR alone and in
the presence of YtvA. An agreeable ﬁtting of the experimental data to
Eq. 1 indicates that a 1:1 complex is formed and is equivalent to obtain
a linear Scatchard plot, intercepting the x-axis in 1 [18]. The concentra-
tion of GTPTR was kept constant at 1 lM and [YtvA] was varied
between 2 and 55 lM.
The 3-D structure of YtvA-STAS (residues 147–254) was built using
the TM1442 crystal structure [19] as template (PBD entry code 1VC1),
after a multialignment with all the STAS proteins, as reported in the
Pfam database (http://www.sanger.ac.uk/Software/Pfam/, accession
number PF01740). Because of low sequence identity with known STAS
structures, the secondary structure alignment was used to select the
template (see supplementary material, S1). The model was built with
the tools available in the What If [20] software; the residue P229, cor-
responding to a gap in the alignment, was successively inserted into the
structure by means of the DeepView software [21] and the K228-E230
loop was rebuilt. An energy minimization of the modelled protein was
carried out with the Gromos96 force ﬁeld implementation of
SwissPdbViewer [22]. The model was positively evaluated with the
WhatIf protein model check [20].3. Results
3.1. NTP binding to YtvA
GTPTR in phosphate buﬀer has an absorption maximum at
590 nm and a ﬂuorescence spectrum centered at 620 nm. Upon
addition of YtvA (in the blue-light activated state [7]), the
absorbance is shifted to the red, with concomitant enhance-
ment of GTPTR ﬂuorescence (Fig. 1).
The ﬂuorescence increment reaches a plateau after about
40 min of incubation (at 20 C). Similar features have been ob-
served for GTP binding proteins, upon binding of ﬂuorescent
GTP derivatives [15,23]. The experimental data could be read-
ily ﬁt with Eq. 1 indicating a 1:1 stoichiometry. The derived
KD = 38 lM reveals a binding site with relatively low aﬃnity.
Displacement experiments with excess of non-ﬂuorescent
GTP (100 lM) result in a partial reversal of the absorption
red-shift and in a diminished ﬂuorescence, indicating a compe-
tition for the same binding site (Fig. 2). Due to the low binding
constant, the exchange is not complete, as instead happens for
G-proteins [15]. ATP has a similar eﬀect, albeit with a slower
time-course. Prolonged incubations with ATP or GTP result
in identical spectroscopic features for the two nucleotides
(Fig. 2). The displacement experiments conﬁrm that the nucle-otide moiety eﬀectively binds to the protein and that the ob-
served spectroscopic eﬀects are not due to a simple binding
of the GTPTR BODIPY part. Control experiments with
YtvA-LOV showed that the binding of GTPTR does not occur
for this peptide, but that the full protein is needed.
Dark incubation of GTPTR-loaded YtvA results in small but
reproducible spectroscopic changes, with a further red-shift of
the absorption spectrum (Fig. 3) and an additional enhance-
ment of ﬂuorescence (ca. 8% for conditions as in Fig. 3). These
changes are reversible upon further blue-light irradiation of the
ﬂavin chromophore.
3.2. Structural model of YtvA-STAS
The 3-D model of the STAS domain of YtvA is shown in
Fig. 4 and is characterized by an extended b-sheet that includes
four parallel b-strands, with intervening a-helices. A typical
GTP-binding motif DxxG (here DLSG) [13] occupies part of
Db and the adjacent loop and characterizes the YtvA-like fam-
ily [10] (Fig. 4).
By searching through deposited structures and sequences of
GTP-binding proteins, we found limited similarity of YtvA-
STAS with proteins belonging to the SRP (signal recognition
proteins) family [13]. Fig. 5 shows the sequence and secondary
structure alignment within the homology region of YtvA-
STAS and the GTP-binding domain of SRP54, a Ffh (54
homologue) protein from Thermus aquaticus. The magic-ﬁt op-
tion in DeepView also readily superimposes these protein re-
gions (PDB access ID for Ffh is 1JPJ [24]). In P-loop
GTPases the DxxG G3 (or Walker B) motif is positioned on
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Fig. 2. Displacement of GTPTR by GTP and ATP. Top: at time = 0,
GTPTR-loaded YtvA (see Fig. 1 for conditions) was incubated with
100 lM GTP (solid line) or ATP (dotted line) and the ﬂuorescence at
620 nm was monitored (590 nm excitation). The initial ﬂuorescence rise
is due to the time needed to reach an homogeneous temperature within
the cuvette after mixing and is observed also with GTPTR alone (not
shown). Bottom: prolonged incubation of GTPTR-loaded YtvA with
100 lM GTP led to a marked decrease of ﬂuorescence after 1 (dotted
line) and 15 h at 4 C (dashed line). Incubation with ATP in the same
conditions gave the same spectra (not shown).
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Fig. 5. Top, sequence allignment of YtvA-STAS and SRP54 (O07347)
in the homology region. Cylinders, a-helices; arrows, b-strands.
Bottom, topology of YtvA-STAS and SRP54. For the latter a recent
numeration has been adopted, according to which the G3 (DxxG) and
G4 ([NT]KxD) motif are on strand 4 and 6, respectively [13].
Fig. 4. Model of YtvA-STAS. In dark, the position of the two GTP-
binding motifs. The secondary structural elements (a-helices and b-
strands) have been named consecutively from Ab (N-terminus) to Ia
(C-terminus).
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Fig. 3. Spectroscopic changes of 1 lM GTPTR in the presence of
55 lM YtvA upon re-conversion to the dark state YtvA450 (black line)
and additional blue-light activation (red line). At these concentration
about 50% of GTPTR is bound to the protein.
3820 V. Buttani et al. / FEBS Letters 580 (2006) 3818–3822strand 4 according to a recent nomenclature [13] and overlaps
with the DxxG pattern of YtvA-STAS. The topology of the
two proteins is also the same within the homology region(Fig. 5). The same occurs with other SRP proteins, such as
FtsY [25] (not shown).
The position of the second GTP recognizing motif [NT]KxD
(G4, strand 6 in SRP54) is instead not the same in YtvA-STAS
(Fig. 5). As previously noted [11], no P-loop, that has the
function to properly position the triphosphate moiety of a
bound nucleotide in NTPases [13], is present in STAS domains.
V. Buttani et al. / FEBS Letters 580 (2006) 3818–3822 38214. Discussion
The binding of GTP and ATP to YtvA is in line with the
suggested idea that STAS domains may have a general NTP
binding role [11]. To our knowledge, this has been demon-
strated only for the SPOIIA protein [14] and for YtvA (this
work), and it may be representative of a novel NTP-binding
fold. It has been suggested that the conserved Db-Ea loop that
in STAS domains hosts the DxxG motif is involved in phos-
phate binding and the b-sheet scaﬀold could accommodate
the rest of the NTP molecule [11]. In SPOIIAA a DSSG pat-
tern is localized in the same loop as in YtvA-STAS, but shifted
towards the Ea-helix [11]. Interestingly, in bacterial STAS do-
mains the DxxG motif is localized as in YtvA (involving Db)
or as in SPOIIAA (involving Ea) and the two positions are
mutually exclusive, pointing to a functional role for this pat-
tern. In fact phosphorylation of the ﬁrst serine in DSSG is cru-
cial for the biological activity of SPOIIAA and at the same
time impairs NTP binding and hydrolysis [14].
The aﬃnity of YtvA for NTP appears to be low, with KD in
the lM range. Although the binding constant may be larger
for NTP that do not carry the bulky BODIPY ﬂuorophore,
from the exchange experiments we do not expect that the aﬃn-
ity can dramatically increase. For SPOIIA the KD is 0.25 and
2.5 lM for GTP and ATP, respectively. KDs in this range have
also been determined for SRP proteins [26,27]. For SRP pro-
teins the low aﬃnity has been attributed to the fact that the
empty binding site is largely stabilized by a network of hydro-
gen bonds, that need to be broken to accommodate the nucle-
otide [28]. The quite large red-shift in the absorption spectrum
of the bound GTPTR could reﬂect an altered equilibrium
among the three delocalized structures of the BODIPY chro-
mophore, indicating a polar/aprotic [29] binding cavity with
a deﬁnite hydrogen bonds network. This issue will be further
investigated with the aid of ﬂuorescence quenching studies
and solvatochromic eﬀects.
The binding of GTP and ATP appears to be unspeciﬁc in
YtvA, in agreement with the fact that the [NT]KxD G4 motif
does not seem to be positioned in the correct protein region to
stabilize the guanosine moiety via hydrogen bonds with the
aspartate residue [12]. A low nucleotide discrimination has also
been observed for the SRP protein FtsY, for which the aspar-
tate of G4 plays in fact a negligible role [30]. Instead, GTP
speciﬁcity is greatly enhanced by complexation of FtsY within
the SRP particle. A similar discrimination mechanism, e.g. dri-
ven by protein–protein interactions, may be operating in
YtvA.
Finally, we would brieﬂy discuss a possible physiological
role for NTP binding to YtvA, based on the available informa-
tion about this protein. It is known that YtvA is a positive reg-
ulator in the activation of the general stress transcription
factor rB [31], whose activity is controlled post-translationally
by a phosphorelay-signal transduction network [32]. A sepa-
rate pathway triggers sporulation, during which another alter-
native transcription factor, rE, regulates the expression of
more than 253 genes in the mother cell [33]. In cells over-
expressing rE YtvA is one of the genes that is upregulated
(supplementary material in [33]). Furthermore YtvA is down-
regulated in cells overexpressing SPOIIID, a transcriptional
regulator involved in the synthesis of spore coat proteins (sup-
plementary materials in [34]). Therefore YtvA seems to be in-
volved either in stress response or in sporulation. It isinteresting to note that in B. subtilis both responses are related
to a drastic drop of ATP and GTP [35,36], pointing to a func-
tional role for the observed NTP binding.
Acknowledgements: We are grateful to Zhen Cao and Ulrich Krauss
for sample preparation and advice. This work was partially supported
by DFG (Forschergruppe FOR526).Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febslet.
2006.06.007.References
[1] Cockell, C.S. (2000) Ultraviolet radiation and the photobiology of
earth’s early oceans. Origins Life Evol. Biosphere 30, 467–499.
[2] Ghetti, F., Checcucci, G. and Lenci, F. (1992) Photosensitized
reactions as primary molecular events in photomovements of
microorganisms. J. Photochem. Photobiol. B: Biol. 15, 185–198.
[3] Fischer, M., Schott, A.K., Romisch, W., Ramsperger, A.,
Augustin, M., Fidler, A., Bacher, A., Richter, G., Huber, R.
and Eisenreich, et al. (2004) Evolution of vitamin B2 biosynthe-
sis. A novel class of riboﬂavin synthase in Archaea. J. Mol. Biol.
343, 267–278.
[4] Briggs, W.R. and Christie, J.M. (2002) Phototropins 1 and 2:
versatile plant blue-light receptors. Trends Plant Sci. 7, 204–210.
[5] Kasahara, M., Swartz, T.E., Olney, M.A., Onodera, A., Moc-
hizuki, N., Fukuzawa, H., Asamizu, E., Tabata, S., Kanegae, H.,
Takano, M., Christie, J.M., Nagatani, A. and Briggs, W.R. (2002)
Photochemical properties of the ﬂavin mononucleotide-binding
domains of the phototropins from Arabidopsis, rice, and Chla-
mydomonas reinhardtii. Plant Physiol. 129, 762–773.
[6] Crosson, S. and Moﬀat, K. (2001) Structure of a ﬂavin-binding
plant photoreceptor domain: insights into light-mediated signal
transduction. Proc. Natl. Acad. Sci. USA 98, 2995–3000.
[7] Losi, A., Polverini, E., Quest, B. and Ga¨rtner, W. (2002) First
evidence for phototropin-related blue-light receptors in prokary-
otes. Biophys. J. 82, 2627–2634.
[8] Crosson, S., Rajagopal, S. and Moﬀat, K. (2003) The LOV
domain family: photoresponsive signaling modules coupled to
diverse output domains. Biochemistry 42, 2–10.
[9] Losi, A. (2004) The bacterial counterparts of plants phototropins.
Photochem. Photobiol. Sci. 3, 566–574.
[10] Losi, A. (2006) Flavin-based photoreceptors in bacteria in: Flavin
Photochemistry and Photobiology (Ha¨der, D.-P. and Jori, G.,
Eds.), pp. 223–276, Elsevier, Amsterdam, The Netherlands.
[11] Aravind, L. and Koonin, E.V. (2000) The STAS domain – a link
between anion transporters and antisigma-factor antagonists.
Curr. Biol. 10, R53–R55.
[12] Kjeldgaard, M., Nyborg, J. and Clark, B.F. (1996) The GTP
binding motif: variations on a theme. FASEB J. 10, 1347–1368.
[13] Leipe, D.D., Wolf, Y.I., Koonin, E.V. and Aravind, L. (2002)
Classiﬁcation and evolution of P-loop GTPases and related
ATPases. J. Mol. Biol. 317, 41–72.
[14] Najaﬁ, S.M., Harris, D.A. and Yudkin, M.D. (1996) The
SpoIIAA protein of Bacillus subtilis has GTP-binding properties.
J. Bacteriol. 178, 6632–6634.
[15] McEwen, D.P., Gee, K.R., Kang, H.C. and Neubig, R.R. (2001)
Fluorescent BODIPY-GTP analogs: real-time measurement of
nucleotide binding to G proteins. Anal. Biochem. 291, 109–117.
[16] Losi, A., Quest, B. and Ga¨rtner, W. (2003) Listening to the blue:
the time-resolved thermodynamics of the bacterial blue-light
receptor YtvA and its isolated LOV domain. Photochem.
Photobiol. Sci. 2, 759–766.
[17] Bednarz, T., Losi, A., Ga¨rtner, W., Hegemann, P. and Heberle, J.
(2004) Functional variations among LOV domains as revealed by
3822 V. Buttani et al. / FEBS Letters 580 (2006) 3818–3822FT-IR diﬀerence spectroscopy. Photochem. Photobiol. Sci. 3,
575–579.
[18] Favilla, R. and Mazzini, A. (1984) The binding of 1,N6-etheno-
NAD to bovine liver glutamate dehydrogenase. Biochim. Bio-
phys. Acta 788, 48–57.
[19] Lee, J.Y., Ahn, H.J., Ha, K.S. and Suh, S.W. (2004) Crystal
structure of the TM1442 protein from Thermotoga maritima, a
homolog of the Bacillus subtilis general stress response anti-anti-
sigma factor RsbV. Proteins 56, 176–179.
[20] Vriend, G. (1990) WHAT IF: a molecular modeling and drug
design program. J. Mol. Graph. 8, 52–56, 29.
[21] Guex, N. and Peitsch, M.C. (1997) SWISS-MODEL and the
Swiss-PdbViewer: an environment for comparative protein mod-
eling. Electrophoresis 18, 2714–2723.
[22] Scott, W.R.P., Hunenberger, P.H., Tironi, I.G., Mark, A.E.,
Billeter, S.R., Fennen, J., Torda, A.E., Huber, T., Kruger, P. and
van Gunsteren, W.F. (1999) The GROMOS biomolecular simu-
lation program package. J. Phys. Chem. A 103, 3596–3607.
[23] Korlach, J., Baird, D.W., Heikal, A.A., Gee, K.R., Hoﬀman,
G.R. and Webb, W.W. (2004) Spontaneous nucleotide exchange
in low molecular weight GTPases by ﬂuorescently labeled gamma-
phosphate-linked GTP analogs. Proc. Natl. Acad. Sci. USA 101,
2800–2805.
[24] Padmanabhan, S. and Freymann, D.M. (2001) The conformation
of bound GMPPNP suggests a mechanism for gating the active
site of the SRP GTPase. Structure 9, 859–867.
[25] Shan, S.O. and Walter, P. (2005) Co-translational protein
targeting by the signal recognition particle. FEBS Lett. 579,
921–926.
[26] Jagath, J.R., Rodnina, M.V., Lentzen, G. and Wintermeyer, W.
(1998) Interaction of guanine nucleotides with the signal recog-
nition particle from Escherichia coli. Biochemistry 37, 15408–
15413.
[27] Moser, C., Mol, O., Goody, R.S. and Sinning, I. (1997) The signal
recognition particle receptor of Escherichia coli (FtsY) has a
nucleotide exchange factor built into the GTPase domain. Proc.
Natl. Acad. Sci. USA 94, 11339–11344.[28] Freymann, D.M., Keenan, R.J., Stroud, R.M. and Walter, P.
(1999) Functional changes in the structure of the SRP
GTPase on binding GDP and Mg2+GDP. Nat. Struct. Biol.
6, 793–801.
[29] Baruah, M., Qin, W., Flors, C., Hofkens, J., Vallee, R.A.L.,
Beljonne, D., Van der Auweraer, M., De Borggraeve, W.M. and
Boens, N. (2006) Solvent and pH dependent ﬂuorescent properties
of a dimethylaminostyryl borondipyrromethene dye in solution. J.
Phys. Chem. A 110, 5998–6009.
[30] Shan, S.O. and Walter, P. (2003) Induced nucleotide speciﬁcity in
a GTPase. Proc. Natl. Acad. Sci. USA 100, 4480–4485.
[31] Akbar, S., Gaidenko, T.A., Min, K., O’Reilly, M., Devine, K.M.
and Price, C.W. (2001) New family of regulators in the environ-
mental signaling pathway which activates the general stress
transcription factor of Bacillus subtilis. J. Bacteriol. 183, 1329–
1338.
[32] Hecker, M. and Volker, U. (2001) General stress response of
Bacillus subtilis and other bacteria. Adv. Microbial. Physiol. 44,
35–91.
[33] Eichenberger, P., Jensen, S.T., Conlon, E.M., van Ooij, C.,
Silvaggi, J., Gonzalez-Pastor, J.E., Fujita, M., Ben Yehuda, S.,
Stragier, P., Liu, J.S. and Losick, R. (2003) The rE regulon and
the identiﬁcation of additional sporulation genes in Bacillus
subtilis. J. Mol. Biol. 327, 945–972.
[34] Eichenberger, P., Fujita, M., Jensen, S.T., Conlon, E.M., Rudner,
D.Z., Wang, S.T., Ferguson, C., Haga, K., Sato, T. and Liu,
et al. (2004) The program of gene transcription for a single
diﬀerentiating cell type during sporulation in Bacillus subtilis.
PLoS Biology 2, 1664–1683.
[35] Zhang, S. and Haldenwang, W.G. (2005) Contributions of ATP,
GTP, and redox state to nutritional stress activation of the
Bacillus subtilis sigmaB transcription factor. J. Bacteriol. 187,
7554–7560.
[36] Piggot, P.J. and Hilbert, D.W. (2004) Sporulation of Bacillus
subtilis. Curr. Opin. Microbiol. 7, 579–586.
